prised primarily of Mexican Americans and Caucasians. Like the Pima Indians [3] , Mexican Americans are very insulin-resistant and have a high incidence of Type 2 diabetes (T2DM) [4, 5] . The goal of the SAM study was to relate the severity of glucose intolerance to the severity of beta-cell dysfunction and insulin resistance in muscle and the liver. An advantage of the SAM study is that it allows one to compare abnormalities in insulin secretion following the normal route (oral) of glucose administration and insulin sensitivity, as measured directly with the euglycaemic insulin clamp, in the same individual in two major ethnic groups, Mexican Americans and Caucasians.
In the natural history of T2DM, individuals progress from normal glucose tolerance (NGT) to imThe San Antonio Metabolism (SAM) study was designed to examine the major determinants (insulin secretion and insulin sensitivity) of glucose homeostasis [1, 2] in the population of South Texas, which is compaired glucose tolerance (IGT) to overt T2DM [1, 2, 3, 6, 7, 8] . A similar natural history has been shown in the Rhesus monkey [9] . This progression has been demonstrated in populations of diverse ethnic background [6, 7, 8, 10, 11, 12] . In populations with a high prevalence of T2DM, insulin resistance is well established long before the development of any impairment in glucose homeostasis [1, 2, 3, 5, 6, 9, 10, 11, 12] . As long as the beta cell is able to secrete sufficient amounts of insulin to offset the severity of insulin resistance, glucose tolerance remains normal [1, 2, 3, 13, 14, 15, 16, 17, 18] . This dynamic interaction between insulin secretion and insulin resistance is essential to the maintenance of NGT [1, 3, 6, 7, 9, 14, 15, 16, 17, 18] and interruption of this cross-talk between the beta cell and peripheral tissues results in the progressive deterioration of glucose homeostasis [1, 3, 14, 17, 18, 19] . Among individuals with NGT it has been proposed that about 20% are insulin resistant [15, 20, 21, 22] . Using the hyperglycaemic clamp technique, we have shown that these NGT, insulinresistant individuals are able to appropriately augment both first-and second-phase insulin secretion to offset the insulin resistance [13, 15] ; similar results have been reported by others [16, 17, 18, 19] . Individuals with IGT have been shown to have a normal, increased, or impaired early insulin response, although second-phase insulin response generally is increased [1, 3, 7, 10, 12, 17, 18, 23, 24, 25, 26] . However, the appropriateness of a "normal" or "increased" early/ late-phase insulin response can be evaluated only when viewed in the context of the glucose stimulus to the beta cell [27] , the severity of insulin resistance [15, 16, 17, 18] , and the impact of glucose potentiating factors, including incretins [28, 29] . At present, such a comprehensive evaluation of beta-cell function has yet to be undertaken. Moreover, the precise level of glycaemia at which beta-cell dysfunction manifests itself remains unknown. It generally is assumed that insulin secretion starts to become impaired in individuals with IGT [1, 3, 16, 17, 18, 23, 24, 25, 26] . However, the glucose diagnostic criteria for IGT are somewhat arbitrary and unrelated to physiological abnormalities in insulin secretion and/or insulin resistance [30] . Thus, it is possible that beta-cell dysfunction begins in individuals with 2-h plasma glucose concentrations on the OGTT that are less than 7.8 mmol/l, that is, in individuals with "normal" glucose tolerance.
In this study, we have independently measured both insulin resistance (with the euglycaemic insulin clamp) and the plasma insulin response to oral glucose in individuals whose glucose tolerance ranged from NGT to IGT to overt T2DM. The incremental plasma insulin response was related both to the incremental glucose stimulus presented to the beta cell and to the severity of insulin resistance.
Material and methods

Subjects
The study group included 388 subjects non-consecutively recruited at the Clinical Research Center of the University of Texas Health Sciences Center at San Antonio, Texas, where all studies were conducted. A 75-g OGTT was carried out in each subject, who then was classified as having NGT (fasting glucose <6.1 mmol/l and 2-h glucose <7.8 mmol/l, n=138) or IGT (fasting glucose <7.0 mmol/l and 2-h glucose between 7.8 and 11.1 mmol/l, n=49) or T2DM (fasting glucose ≥7.0 mmol/l or 2-h glucose greater than 11.1 mmol/l, n=201) according to the ADA criteria [24] . Of the IGT subjects, seven also had impaired fasting glucose (IFG, i.e., fasting glucose between 6.1 and 7.0 mmol/l). Of the study population, 70% of NGT, 76% of IGT and 76% of T2DM were of Mexican-American ethnicity, while the remainder were of Caucasian descent (p=NS between groups). This ethnic distribution reflects the population in the San Antonio area. History of diabetes in first-degree relatives (FHD) was obtained from all subjects and was positive in 51% of NGT, 73% of IGT and 62% of T2DM (p<0.01 IGT vs NGT, p<0.001 T2DM vs NGT).
All study subjects had normal liver, cardio-pulmonary, and kidney function as determined by medical history, physical examination, screened blood tests, EGK, and urinalysis. No NGT or IGT subject was taking any medication know to affect glucose tolerance. T2DM subjects taking sulphonylureas (25%) had their oral hypoglycaemic agent discontinued 3 days prior the study. No T2DM subject ever had received treatment with metformin, a thiazolidinedione, or insulin. None of the subjects participated in any regular physical activity program. Body weight was stable for at least 3 months prior to study in all subjects. By defining obesity as a BMI greater than 30 kg·m −2 , or a BMI greater than 27 kg·m −2 with body fat greater than 35% [31] , 49 NGT, 30 IGT and 139 T2DM subjects were obese and 89 NGT, 19 IGT and 69 T2DM subjects were non-obese. The study protocol was approved by the Institutional Review Board of the University of Texas Health Science Center at San Antonio, and informed written consent was obtained from each subject prior to their participation.
Experimental protocol
Anthropometric measurements. The waist-to-hip circumference ratio (WHR) was determined by measuring the waist circumference at the narrowest part of the torso and the hip circumference in a horizontal plane at the level of the maximal extension of the buttocks. Fat-free mass (FFM) was measured using tritiated water [32] .
Metabolic measurements. All metabolic tests were carried out at the Clinical Research Center in the morning (from 7:00 to 8:00 am) after a 10-to 12-h overnight fast. For the OGTT, blood samples were collected at −30, −15, 0, 30, 60, 90, and 120 min for the measurement of plasma glucose, free fatty acids (FFA), C-peptide and insulin concentrations. Prior to the start of the euglycaemic hyperinsulinaemic clamp (120 min or 180 min in diabetic subjects), all subjects received a prime (740 kBq)-continuous (7.4 kBq/min) infusion of 3-[ 3 H]glucose (DuPont-NEN, Boston, Mass., USA), which was continued throughout the study. In diabetic subjects the tracer prime was increased in proportion to the increase in fasting plasma glucose as follows: prime=(FPG/5.6)*740 kBq. After the basal tracer equilibration period, subjects received a primed-continu-ous insulin infusion at the rate of 240 pmol·min −1 ·m −2 for 120 min. During the last 30 min of the basal equilibration period, plasma samples were taken at 5-to 10-min intervals for the determination of plasma glucose and insulin concentrations and tritiated glucose specific activity. During insulin infusion, the plasma glucose concentration was measured every 5 min, and a variable glucose infusion was adjusted, based on the negative feedback principle, to maintain the plasma glucose level between 5.0 and 5.6 mmol/l with a coefficient of variation of less than 5% [33] . Plasma samples were collected every 15 min from 0 to 90 min and every 5 to 10 min from 90 to 120 min for the determination of plasma glucose and insulin concentrations and tritiated glucose specific activity [34] .
Analytical techniques. Plasma glucose was measured by the glucose oxidase reaction (Beckman Glucose Analyzer, Fullerton, Calif., USA). Plasma insulin and C-peptide concentrations were measured by radioimmunoassay using specific kits (DPC, Los Angeles, Calif., USA) and serum FFA were measured spectrophotometrically (Wako, Neuss, Germany). Plasma 3-[ 3 H]glucose levels were measured in Somogyi precipitates as previously described [34] .
Data analysis. Glucose and insulin areas under the OGTT curve (AUC) were calculated using the trapezoidal rule. During the insulin clamp, total rates of glucose appearance (Ra) and disappearance (TGD) were calculated using Steele's equation [35] . Values for Ra and TGD represent those during the last 40 min of the clamp. Peripheral insulin resistance (IR) was calculated as the inverse of TGD during the last 40 min of the clamp, normalized by the steady state plasma insulin concentration (1÷[TGD/I]). In the basal post-absorptive state, endogenous glucose production (EGP) primarily reflects hepatic glucose release. The hepatic insulin resistance index was calculated as the product of EGP and fasting plasma insulin, as validated previously [36] . Over the range of plasma insulin concentrations that are typically seen under basal conditions (55±3 to 75±4 to 110±4 pmol/l), there is a linear relationship between the increase in the plasma insulin level and the decrease in hepatic glucose production (r=0.92, p<0.001) [34] .
Statistical analysis. All data are presented as the means±SE. Group values were compared by ANOVA and BonferroniDunn post hoc analysis. Associations between variables were tested with the use of Spearman rank correlations. The contribution of multiple factors to the measured variables was tested by multivariate analysis by using mixed models with both continuous (e.g., age and BMI) and categorical (e.g., sex, familial diabetes, and ethnicity) variables. A p value less than 0.05 was considered statistically significant.
Results
Clinical characteristics. Subjects were grouped according to their oral glucose tolerance (i.e., NGT, IGT, T2DM) and sub-grouped according to their fasting plasma glucose (FPG) concentration to give approximately equal numbers of subjects in each subgroup ( Table 1 ). There were no differences in sex or ethnic distribution amongst the groups. T2DM subjects, and, to a lesser extent, IGT subjects tended to be slightly older and to have greater BMI, fat mass and central adiposity than NGT individuals. The fasting plasma glucose, FFA, and insulin concentrations were higher in IGT and T2DM groups compared with NGT subjects with a FPG less than 5.0 mmol/l ( Table 2) .
Hepatic and peripheral glucose metabolism. During the post-absorptive state, glucose clearance was reduced in IGT and diabetic subjects. The hepatic insulin resistance index was increased in both IGT and diabetic subjects compared to NGT subjects with FPG less than 5.0 and less than 5.3 mmol/l ( Table 2) . During the clamp, insulin-mediated total glucose disposal (TGD) was reduced in IGT and diabetic subjects compared to all control groups. TGD was inversely related to both FPG (r=0.53, p<0.001) and 2-h plasma glucose concentration during the OGTT (2-h PG) (r=0.59, p<0.001). Post-hepatic insulin clearance was reduced in IGT and T2DM subjects compared to NGT subjects with FPG less than 5.0 mmol/l (Table 2) .
Insulin response and fasting plasma glucose. The relationship between the plasma insulin response during the OGTT and FPG displayed the typical inverted U-shaped curve that has been referred to as Starling's curve of the pancreas (Fig. 1) . In NGT and IGT, the 0-to 120-min insulin AUC increased progressively with FPG; thereafter, there was a progressive decrease in T2DM subjects. The 0-to 30-min insulin AUC peaked in NGT subjects with a FPG less than 5.6 mmol/l and declined progressively in IGT and T2DM subjects. Thus, the defect in early insulin response manifests itself at an FPG that was lower than the defect in total (0 to 120 min) insulin response. The fasting plasma insulin concentration rose progressively with the increase in fasting plasma glucose concentration (r=0.32, p<0.001) (Fig. 1) and severity of insulin resistance (r=0.51, p<0.001) ( Table 2) .
Insulin response and 2-h plasma glucose. We then examined the plasma insulin response in relation to the 2-h PG during the OGTT. Since the beta cell responds to an increment in plasma glucose concentration with an increment in plasma insulin response [27] , we calculated the incremental insulin response for both total (0 to 120 min) and early (0 to 30 min) secretory phases, as well as the incremental insulin response to the increment in plasma glucose concentration (∆I/∆G). As obesity is an insulin-resistant state and obese non-diabetic subjects secrete more insulin than lean individuals with a comparable level of glucose tolerance, we analysed beta-cell function separately in lean and obese subjects (Fig. 2, upper panel) . In both lean and obese subjects the typical inverted U-shaped curve was still observed between the incremental total insulin response and 2-h PG, a decline being evident in IGT subjects with a 2-h PG greater than 8.9 mmol/l. Both (0 to 120 and 0 to 30 min) incremental insulin responses in obese NGT and obese IGT subjects were approximately twice as big as those in the corresponding lean NGT and IGT groups. However, in the T2DM groups the difference became progressively less. When the incremental total insulin response was related to the corresponding incremental glucose response, a different picture emerged. The difference between lean and obese subjects, with NGT or IGT, was diminished. Lean NGT subjects with a 2-h PG less than 5.6 mmol/l had the highest ∆I/∆G values (Fig. 2,  lower panel) ; thereafter, there was a progressive, curvilinear decline in both the total and early ∆I/∆G.
We also examined the plasma insulin response in relation to the severity of insulin resistance (∆I/∆G÷IR, where IR=1/[TGD/I]) (Fig. 3) . Firstly, the difference in the 'adjusted' insulin response between NGT and IGT subjects was reduced. Secondly, lean NGT subjects with a 2-h PG greater than 5.6 mmol/l already had a reduced ability to secrete insulin. Finally, there was no difference between lean and obese subjects with NGT, IGT, or T2DM (Fig. 3) . When ∆I/∆G÷IR is plotted against FPG or 2-h PG in a log-log scale, a very strong linear inverse relationship (r=0.91, p<0.0001) is observed (Fig. 4) . These results show that even within the NGT range there is a progressive decline in beta-cell function in both lean and obese subjects, and that this decline is closely related to the level of glucose tolerance.
The effect of ethnicity (Mexican American compared with Caucasian), family history of diabetes (one or more first-degree relatives), age and gender on ∆I/∆G÷IR was examined by multivariate analysis, also including 2-h PG among the independent variables. Neither age nor sex, ethnicity or family history of diabetes were found to exert any influence on the insulin secretion/insulin resistance index (p<0.0001).
Discussion
It generally is accepted that the emergence of T2DM is preceded by a stage of IGT [1, 2, 3, 6, 7, 8, 9, 10, 11, 12, 14, 16, 17, 18, 19] . T2DM ensues when the beta cell is not able to secrete sufficient amounts of insulin to offset the severity of insulin resistance. According to the criteria established by the American Diabetes Association [30] , IGT is defined by a 2-h plasma glucose concentration between 7.8 and 11.1 mmol/l during an OGTT. Many studies have shown that IGT individuals are resistant to the action of insulin and that the progression from IGT to T2DM is associated with a decline in beta-cell function with little additional worsening of peripheral insulin resistance [1, 3, 6, 8, 9, 14, 16, 17, 18, 39] . The defect in insulin secretion in IGT individuals is most evident when the early (0-to 30-min) plasma insulin response following glucose ingestion is examined. Typically, the total insulin area under the curve following oral or intravenous glucose is normal or increased [1, 2, 3, 8, 10, 17, 18, 23, 24, 25, 26, 40, 41, 42, 43] . Similarly, it is not uncommon to observe an increased or "normal" plasma insulin response in T2DM patients with mild fasting hyperglycaemia (<7.8 mmol/l), although the early (0--30-min) insulin response is impaired [16, 44] . Our study systematically examined the plasma insulin response in relation to the 2-h plasma glucose concentration following oral glucose administration in individuals spanning a wide range of glucose tolerance, while simultaneously taking into account the major factors that influence beta-cell function, including the hyperglycaemic stimulus presented to the beta cell and the body's sensitivity to insulin. Moreover, it is unclear at what stage in the natural history of T2DM beta-cell function begins to deteriorate.
In this study, we have stratified NGT, IGT, and T2DM subjects on the basis of their 2-h PG, expressed the incremental insulin response per incremental glucose stimulus (∆I/∆G), and factored this by the prevailing level of insulin resistance (measured independently in each subject on a separate day with the euglycaemic insulin clamp). When beta-cell function is expressed in this manner, a very distinct pattern of insulin secretion emerges. The typical inverted Ushaped or Starling's curve of the pancreas [14] is no longer evident. Instead, there is a progressive decline in insulin secretion, even in individuals whose glucose tolerance is considered to be well within the normal range. Thus, NGT individuals with a 2-h PG between 6.1 and 7.8 mmol/l already have a greater than 50% decline in the plasma insulin response to a glucose challenge, while IGT subjects with a 2-h PG between 7.8 and 11.1 mmol/l manifest a severely impaired plasma insulin response. This pattern of beta-cell dysfunction is observed whether one examines the early (0-30 min) or total (0-120 min) plasma insulin response following oral glucose. These results suggest that the onset of beta-cell dysfunction begins early in the natural history of T2DM, starting even before the onset of IGT, as defined by current diagnostic criteria [30] . It should be noted that the diagnostic criteria for IGT are somewhat arbitrary and are not based on any clinical or pathophysiologic abnormalities. Rather, they are based on the empiric observation that individuals with a 2-h PG between 7.8 and 11.0 mmol/l have an increased risk of developing T2DM later in life compared to individuals with a 2-h PG less than 7.8 mmol/l [24] . Insulin resistance has been shown to be present in the first-degree relatives of T2DM individuals before the onset of IGT [1, 10, 11, 12, 13, 45, 46, 47, 48] at a time when glucose tolerance is normal. This observation, taken in concert with the present findings concerning beta-cell dysfunction in individuals with NGT, underscores the arbitrariness of current IGT criteria, since the two major pathophysiological disturbances-insulin resistance and beta-cell dysfunction-are already well established in individuals with "normal" glucose tolerance.
Previous studies have used the frequently sampled intravenous glucose tolerance test to examine the dynamic interaction between insulin secretion and insulin sensitivity. These studies have shown that firstphase insulin secretion is inversely related to insulin sensitivity in a hyperbolic manner [17, 18] . It should be noted that the insulin secretion/insulin resistance index (∆I/∆G÷IR) is equivalent to the so-called "disposition index". We named it the insulin secretion/ insulin resistance index since it describes the dynamic interaction between insulin secretion and insulin resistance, while "disposition" literally means "utilization" of glucose. Thus, the index describes the normal beta-cell response: if the degree of glucose tolerance does not change, the product of insulin secretion and tissue insulin sensitivity (referred to as the "disposition" index) remains constant and the subject moves up and down on the same hyperbolic curve [17, 18] . Although the concepts underlying the FSIV-GTT are fundamentally sound, the technique has a number of drawbacks. Firstly, insulin secretion and insulin sensitivity are measured simultaneously in the same subject. As the plasma insulin response determines, in part, the fractional rate of glucose removal, the close inverse relationship between these two variables is somewhat predictable. The interpretive problems with simultaneous measurement of insulin secretion and insulin sensitivity during a single study, when both the plasma glucose and insulin concentrations are changing simultaneously, have been discussed previously [33, 49] . Secondly, the FSIVGTT only examines first-phase insulin secretion and in response to an unphysiological elevation in the plasma glucose concentration [50] . Moreover, the early insulin response is not related to the incremental glucose response, which can differ from subject to subject and which is a major determinant of the magnitude of insulin secretion [27] . Thirdly, the intravenous route of glucose administration differs from the normal route of glucose entry into the body via the gastrointestinal tract and does not, therefore, take into account the effect of incretin-potentiating factors on insulin secretion [28, 29, 51] .
The factors responsible for the progressive decline in beta-cell function in NGT individuals with a 2-h PG greater than 5.6 mmol/l remain to be determined. Although the fasting plasma FFA concentrations were higher in IGT and T2DM individuals compared to NGT subjects, we failed to find any correlation between the insulin secretion/insulin resistance index and the fasting plasma FFA concentration. In contrast, the 2-h PG(r=0.91, p<0.0001), the mean plasma glucose during the OGTT (r=0.91, p<0.0001), FPG (r=0.86, p<0.0001), and the HbA 1c (r=0.70, p<0.0001) all were strongly and inversely related to the insulin secretion/insulin resistance index in log-log plot. These results are consistent with the concept of "glucose toxicity", which states that small, chronic increases in the plasma glucose concentration inhibit insulin secretion [52, 53] . It has been shown in partially pancreatectomised rats [53] that addition of sucrose to the drinking water to increase the mean fed plasma glucose concentration by as little as 0.9 mmol/l caused a marked deterioration in insulin secretion when the islets were presented with a glucose challenge in vitro. Consistent with this hypothesis, treatment of hyperglycaemia with phlorizin, an inhibitor of renal glucose transport, normalises insulin secretion in partially pancreatectomised diabetic rats [54] . Conversely, one could argue that some intrinsic (i.e., genetic) or extrinsic (i.e., incretin deficiency) factor is responsible for the biological variation in beta-cell function in NGT individuals.
The present results also help to clarify the function of the beta cell in obese individuals. Irrespective of the degree of glucose tolerance, when the insulin secretory response is compared to the concomitant severity of insulin resistance, it can be seen that for any given glucose stimulus the beta-cell response in obese individuals is superimposable on that of lean subjects. Thus, throughout the range of glucose tolerance ranging from NGT to IGT to T2DM, the beta cells of obese individuals function in an identical fashion to those of lean subjects.
In summary, beta-cell function has been evaluated with the insulin secretion/insulin resistance index in individuals spanning a wide range of oral glucose tolerance. When the incremental plasma insulin response is related to the glucose stimulus and the severity of insulin resistance, a progressive decline in beta-cell response is observed in NGT individuals with a 2-h PGgreater than 5.6 mmol/l during a 75-g OGTT. When insulin secretion is related to the underlying insulin resistance, beta-cell function in obese individuals with NGT, IGT, and T2DM is superimposable on that of lean individuals with the same category of glucose tolerance.
